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METHOD AND APPARATUS FOR
ESTIMATING OPTICAL POWER

RELATED APPLICATION SECTION

This application claims priority to U.S. Provisional Patent
Application Ser. No. 61/250,766, filed Oct. 12, 2009, and
entitled “Method and Apparatus for Estimating Optical
Power.”” The entire application of U.S. Provisional Patent
Application Ser. No. 61/250,766 1s incorporated herein by
reference.

The section headings used herein are for orgamzational
purposes only and should not be construed as limiting the
subject matter described in the present application.

BACKGROUND OF THE TEACHING

Optical fiber communication systems are now widely
deployed. Recently, relatively new communication services,
such as the Internet, high-speed data links, video services,
wireless services and CATYV, have resulted 1n a dramatic
increase 1in the need for higher information data rates. The
agoregate data throughput rate of a communication system
can be increased either by increasing the bandwidth of an
individual data channel or by increasing the number of data
channels.

State-oi-the art optical fiber communication systems are
being built to transmit data over long distances with higher
data rates and/or with a larger number of data channels. In
addition, state-oi-the art optical fiber communication systems
often include features, such as gain management, wavelength
multiplexing, tunability, and switching. Furthermore, state-
of-the art optical communications systems are agile, tlexible,
and reconfigurable. Many features of these state-of-the art
networks are automated.

These state-of-the art optical communications systems
typically require channel monitoring throughout the system.
Automation of many actions performed on these systems,
such as channel provisioning and power balancing, can only
be realized by using data from optical channel monitors
(OCMs). Optical channel monitors provide information
about the optical transmission system, such as the optical
power, number of optical channels, channel 1dentification,
wavelength, and 1n some cases, optical signal-to-noise ratio
(OSNR). It 1s desirable for the optical channel monitor to
accurately determine the optical power in broadband optical
signals.

BRIEF DESCRIPTION OF THE DRAWINGS

The present teaching, 1n accordance with pretferred and
exemplary embodiments, together with further advantages
thereol, 1s more particularly described 1n the following
detailed description, taken 1n conjunction with the accompa-
nying drawings. The skilled person 1n the art will understand
that the drawings, described below, are for illustration pur-
poses only. The drawings are not necessarily to scale, empha-
s1s instead generally being placed upon illustrating principles
of the teaching. The drawings are not intended to limait the
scope of the Applicant’s teaching in any way.

FIG. 1 illustrates a block diagram of an optical channel
monitor that estimates power ol broadband optical signals
according to the present teaching.

FI1G. 2 1s a tlow chart of a method of deconvolution accord-
ing to the present teaching that determines ftull channel power
of particular optical channels and that provides 1dentification
of individual optical signals.
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FIG. 3 graphically illustrates how an image signal 1 1s
created from an object signal O passing through an optical
filter by using a convolution.

FIG. 4 graphically 1llustrates a convolution of the image
signal I measured by the optical channel monitor and the
inverse of the filter response or spreading function S™" that is
used to calculate the image signal I of the object signal O.

FIG. 3§ 1illustrates a sample object signal estimate O,
scaling function.

FIG. 6 graphically illustrates a convolution of the initial
object signal estimate O,._._. .. .andthe known filter response
or spreading function S that 1s used to determine the new
image estimate signal 1. .

FIG. 7 illustrates a sample error scaling vector k that scales
the 1mage error vector to create an equivalent object error
vector.

FIG. 8 illustrates a plot of OCM channel power error as a
function of the number of power estimation algorithm itera-

tions.

DETAILED DESCRIPTION

Reterence 1n the specification to “one embodiment™ or “an
embodiment” means that a particular feature, structure, or
characteristic described 1n connection with the embodiment
1s included 1n at least one embodiment of the teaching. The
appearances of the phrase “in one embodiment” 1n various
places 1n the specification are not necessarily all referring to
the same embodiment.

It should be understood that the individual steps of the
methods of the present teachings may be performed 1n any
order and/or simultaneously as long as the teaching remains
operable. Furthermore, 1t should be understood that the appa-
ratus and methods of the present teachings can include any
number or all of the described embodiments as long as the
teaching remains operable.

The present teaching will now be described 1n more detail
with reference to exemplary embodiments thereof as shown
in the accompanying drawings. While the present teaching 1s
described 1n conjunction with various embodiments and
examples, 1t 1s not intended that the present teaching be lim-
ited to such embodiments. On the contrary, the present teach-
Ing encompasses various alternatives, modifications and
equivalents, as will be appreciated by those of skill in the art.
Those of ordinary skill 1n the art having access to the teaching
herein will recognize additional implementations, modifica-
tions, and embodiments, as well as other fields of use, which
are within the scope of the present disclosure as described
herein.

Some current state-oi-the-art optical channel monitors
have limited computing capacity. Therefore, a computation-
ally intensive method of estimating the power of broadband
signals 1s not desirable. In addition, many applications for
optical channel monitoring require the use of relatively mex-
pensive monitors that have relatively wide optical band-
widths. The methods of the present teaching can estimate the
optical power of broadband signals and 1dentity optical sig-
nals and bit rates with a high accuracy with a few relatively
simple measurements using relatively broadband tunable
optical filters. These methods are desirable for many applica-
tions.

FIG. 1 1llustrates a block diagram of an optical channel
monitor 100 that estimates power of broadband optical sig-
nals according to the present teaching. An optical channel 102
propagates broadband optical signals. An input of the optical
tap 104 1s optically coupled to the optical channel 102. The



US 9,143,229 B1

3

optical tap 104 directs a portion of the broadband optical
signal propagating through the optical channel 102 to the
optical channel monitor 100.

An output of the optical tap 104 1s optically coupled to an
input of a tunable optical filter 106. The tunable optical filter
106 can be any type of tunable optical filter that 1s electrically
controllable. In one embodiment, the tunable optical filter
106 15 an e¢lectrically controllable thermally tunable optical
filter, such as the tunable optical filters that are commercially
available from Aegis Lightwave, Inc., which 1s the assignee of
the present application. One skilled in the art will appreciate
that many other types of electrically tunable optical filters can
be used. The tunable optical filter 106 selects an optical chan-
nel for monitoring and provides the selected optical channel
to an optical output.

A detector 108 1s positioned proximate to the output of the
tunable optical filter 106 so that the selected optical channel 1s
received at an 1input of the detector 108. In one embodiment,
the detector 108 1s a photodiode. The detector 108 generates
a signal at an output that represents the selected optical chan-
nel.

The output of the detector 108 1s electrically connected to
a processor 110. In one embodiment, the processor 110 1s a
digital signal processor. The output of the processor 110 1s
clectrically connected to a control input of the tunable optical
filter 106. The processor 110 also includes a port that 1s
clectrically connected to a network management system 112.
The processor 110 generates a control signal at the output that
controls the passband of the tunable optical filter 106. In
addition, the processor 110 receives information from and
provides data to the network management system 112.

In operation, a portion of a broadband DWDM optical
signal 1s tapped from the optical channel 102 and directed to
the mput of the tunable optical filter 106. The tunable optical
filter 106 selects an optical channel for monitoring and pro-
vides the selected optical channel at an output. The detector
108 recerves the selected optical channel and generates an
clectrical signal at the output which represents the selected
optical channel.

The processor 110 receives the electrical signal generated
by the detector 108 and then estimates the optical power in the
selected optical channel from the portion of the broadband
DWDM optical signal tapped from the optical channel 102. In
one embodiment, the processor 110 1s a digital signal proces-
sor that performs an 1terative deconvolution algorithm of the
peak powers of the selected optical channel signals received
from the optical tap 104 with the known response function of
the tunable optical filter 106.

The present teaching features a deconvolution algorithm
that accurately calculates the full channel power and provides
identification of individual signals and bit rates. In particular,
the deconvolution algorithm 1teratively convolves an estimate
of the 1nput spectrum with a tunable optical detector delta
response to recreate the tunable optical detector output. The
deconvolution algorithm of the present teachings converges
quickly to predetermined stability critenia. For example the
deconvolution algorithm can be iterated until a difference
between the estimated and the actual channel 1s on order of
<0.05 dB or some other predetermined error. In addition, the
deconvolution algorithm of the present teachings 1s robust
and has only minimal sensitivity to artifacts and noise.

FIG. 2 1s a flow chart of a method of deconvolution 200
according to the present teaching that determines tull channel
power of particular optical channels and that provides i1den-
tification of individual signals. The first step 202 1n the
method of deconvolution 200 1s to measure the image signal
I, which 1s the OCM optical filter response to an unknown
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optical channel signal. This unknown optical channel signal
1s referred to herein as the object signal.

FIG. 3 graphically illustrates how the image signal I 302 1s
created from an object signal O passing through an optical
filter by using a convolution 300. Referring to the optical
channel monitor shown 1n FIG. 1 and to the convolution
shown 1n FIG. 3, a measured 40 G DWDM optical signal that
1s tapped from the optical channel 102, which 1s referred 1n
this example as the object signal O 304, 1s convolved with the
tunable optical filter 106 response function 306, which 1s
referred to 1n this example as S. The result of the convolution
1s the 1image signal I 302 of the object signal O 304. The
tunable optical filter 106 response function S 306 has a known
filter response or spreading function that 1s determined by the
manufacturer. Therefore, the equation for the image signal I
302 can be represented as follows.

=09 S

The second step 204 of the method 200 1s to calculate an
initial object signal estimate O . .. .vector 204, which 1s a
first estimate of the unknown optical channel signal. FIG. 4
graphically 1llustrates a convolution 400 of the image signal I
404 measured by the optical channel monitor 100 and the
inverse of the filter response or spreading function S 406
that 1s used to determine the 1image signal I 302 of the object
signal O 304. The inverse of the filter response or spreading
function S~ 406 is calculated from the known filter response
S to a predetermined resolution. The initial object signal
estimate O, .. ... . 402 1s shown 1n FIG. 4 as a dashed line.
The equation 400 for calculating an 1nitial object signal esti-
mate O, .. .. 402 1s as follows:

O =7, . ® 51,

Fsi-initial *Int

In some methods of the present teaching, the object signal
estimate O, 1s scaled by a scaling function that scales the
magnitude of the object signal estimate O as a function of
frequency to more closely match the actual broadband optical
signal propagating through the optical channel 102. FIG. 5
illustrates a sample object signal estimate O, scaling func-
tion 500.

The third step 206 of the method 200 1s to calculate a new
image estimate signal 1. signal vector, which 1s a more
accurate estimate of the unknown optical channel signal. FIG.
6 graphically illustrates a convolution of the initial object
signal estimate O, . ... -604 and the known filter response or
spreading function S 606 that 1s used to determine the new
image estimate signal 1., 602. The mitial object signal
estimate O, . ..., 604 was determined from the convolution
400 described 1n connection with FIG. 4. The equation for
calculating the new i1mage estimate signal I can be

expressed as follows:
I B s

Fsi-new

The fourth step 208 of the method 200 1s to calculate the
object signal error vector O, . The object signal error vector
O, 1s a scaled difference between the two most recently
calculated image signal estimates. In the first 1teration of the
method 200, the object signal error vector O, 1s a scaled
difference between the new image estimate signal vector
I... . andthe1mage estimate signal vector I (1.e. I —1I).
For all other 1terations, the object signal error vector O, . 1s a
scaled difference between the new image estimate signal

vector 1 and the previous image estimate signal vector

Est-riew

=0

Esr-inifdal

Est-riew

IEsr(i'e‘ IESE—HEW_IESr)'

The scaling vector k scales the difference between the new
image estimate signal vector 1., and the previous image
estimate signal vector 1. The scaling vector k compensates

for errors 1n the image signal to the object signal conversion.
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The scaling vector k 1s chosen to relate the number of counts
generated by the analog-to-digital converter in the processor
110 to the power passing through the tunable optical filter
106. In addition, the scaling vector k 1s a function of the
particular tunable optical filter 106 characteristics. The par-
ticular values of the scaling vector k depend upon several
factors, such as the sertion loss of the tunable optical filter
106. F1G. 7 1llustrates a sample error scaling vector k 700 that
scales the 1mage error vector to create an equivalent object
error vector. An equation for calculating the object signal
error vector O, can be expressed as follows:

Og,, =k(z., ...,—1I) for the first iteration; and

O, =k(z., ...~z Tor all other iterations.

The fifth step 210 of the method 1s to calculate a new object
estimate signal O, . signal vector from the most recent
object estimate signal vector O, and from the object signal
error vector O.,. The new object estimate signal vector
O.. .. 18 a more accurate estimate ol the object signal,
which 1s the unknown optical channel signal, assuming that
the algorithm of method 200 1s converging. The new object
signal estimate vector O, . 402' calculated in the method 200
1s shown as a solid line 1n FIG. 4. An equation for calculating

the new object estimate signal O, can be expressed as
follows:

OEsr—n e :OEsr_ OE}"?"

In some methods according to the present teaching, indi-
vidual channels are 1dentified by comparing the peaks 1n the
spectrum of the new object estimate signal O . Also, 1n
some methods according to the present teaching, signals with
different modulation formats are i1dentified by their spectral
shape and spectral width. Also, 1n some methods according to
the present teaching, signals with different bit rates are 1den-
tified by their spectral shape and spectral width.

The sixth step 212 of the method 200 i1s to repeat the
method 200 from the third step 206 starting from a calculation
of a new 1mage estimate signal I, _ . which 1s a more
accurate estimate of the unknown optical channel signal
assuming that the algorithm of the method 200 1s converging.
The new 1mage estimate signal vector 1. 1s calculated
from the convolution of the most recent object signal estimate
vector O, which was determined in the fitth step 210, and
the known filter response or spreading function S.

The method 200 then repeats the fourth step 208 that cal-
culates the new object signal error vector O,.. . The new
object signal error vector O, 1s a scaled difference between
the two most recently calculated image signal estimates. At
this point 1n the method 200, the new object signal error
vector O, . 1s a scaled difference between the new 1mage

estimate signal vector I . and the previous estimate signal

SIi-rlew
vector 1. The new object estimate signal vector O, 1S
then determined in the fitth step 210 from the difference
between the most recent object estimate signal vector O,
and the new object signal error vector O, determined 1n the
fourth step 208. The new object estimate signal vector
O... ... 18 an even more accurate estimate of the object signal
assuming that the algorithm 1s converging. Therefore, the new
object estimate signal O, vector 1s a more accurate rep-
resentation of the unknown optical channel signal.

In various methods according to the present teachungs, the
method 200 1s repeated from the third step 206 starting by
calculating a new 1image estimate signal I fixed or vari-
able number of times that has been determined to achieve a
desired accuracy of object signal optical power or bit rate
and/or certainty in signal identification. In other methods
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according to the present teachings, the method 200 1s repeated
from the third step 206 any number of times 1n order to obtain
an estimate ol the object signal power, bit rate, and/or signal
identification that reaches a predetermined stability criteria.
In current state-oi-the art optical communications systems,
the processor 110 can repeat the method 200 to the desired
accuracy or stability criteria 1n the time required to obtain
network management information without losing payload
data.

FIG. 8 1llustrates a plot 800 of OCM channel power error in
dB as a function of the number of power estimation algorithm
iterations. The plot 800 indicates that the power error in dB
rapidly decreases after only the second 1teration. One feature
of the methods and apparatus of the present teachings 1s that
the requirements of the tunable optical filter 106 are greatly
reduced because an accurate estimate of the full channel
power ol the optical channels, bit rate, and an 1dentification of
individual signals can be achueved quickly.

EQUIVALENTS

While the present teachings are described in conjunction
with various embodiments and examples, it 1s not intended
that the present teachings be limited to such embodiments. On
the contrary, the present teachings encompass various alter-
natives, modifications and equivalents, as will be appreciated
by those of skill in the art, may be made therein without
departing from the spirit and scope of the teaching.

What 1s claimed 1s:

1. A method of momtoring optical power in an optical
channel, the method comprising:

a) directing a portion of a broadband optical signal propa-

gating through an optical channel to an optical input of
an electrically controllable tunable optical filter having a
response function;

b) filtering the portion of the broadband optical signal with
the electrically controllable tunable filter to select an
optical channel for optical power monitoring, a band-
width of the electrically controllable tunable optical {il-
ter being broadband;

¢) detecting the selected optical channel and generating an
clectrical signal that represents the selected optical
channel;

d) estimating an optical power of the selected optical chan-
nel from the electrical signal that represents the selected
optical channel by performing an iterative deconvolu-
tion of optical peak powers of the selected optical chan-
nel signals with the response function of the electrically
controllable tunable optical filter; and

¢) 1dentitying a signal bit rate of the selected optical chan-
nel from the electrical signal that represents the selected
optical channel by performing an iterative deconvolu-
tion of optical peak powers of the selected optical chan-
nel signals with the response function of the electrically
controllable tunable optical filter.

2. The method of claim 1 wherein the filtering the portion
of the broadband optical signal with the electrically control-
lable tunable filter comprises adjusting a temperature of an
clectrically controllable thermally tunable optical filter.

3. The method of claim 1 further comprising identiiying
individual signals from the deconvolution.

4. The method of claim 1 further comprising applying an
clectrical control signal to the tunable optical filter that selects
a desired passband of the tunable optical filter for selecting a
desired optical channel.
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5. A method of monitoring optical power 1n an optical

channel, the method comprising:

a) splitting a portion of a broadband optical signal propa-
gating through an optical channel;

b) filtering the portion of the broadband optical signal with
a filter having a response function S to generate an
unknown optical channel signal;

¢) measuring an image signal vector I corresponding to the
unknown optical channel signal;

d) calculating an initial object signal estimate vector
O.... ... corresponding to a first estimate of the

5

unknown optical channel signal by convolving the mitial
image signal vector 1 with an inverse of the filter
response S7*;

¢) calculating a new 1mage estimate signal vector 1., . ;

1) calculating an object signal error vector O, ; and

o) calculating a new object estimate signal vector O,
from the most recent object estimate signal vector O,
and from the object signal error vector O, ..

6. The method of claim 5 further comprising repeating
steps ¢) through g).

7. The method of claim 5 wherein the steps ¢) through g)
are repeated until a desired accuracy of object signal optical
power measurement 1s achieved.

8. The method of claim 5 wherein the steps ¢) through g)
are repeated until a desired certainty of object signal 1denti-
fication 1s achieved.

9. The method of claim 5 wherein the steps ¢) through g)
are repeated until a predetermined stability criteria 1s
achieved.

10. The method of claim 5 further comprising calculating
an inverse of the filter response S™" from the filter response S
to a resolution.

11. The method of claim 3 further comprising scaling the
object signal estimate vector O, . by a scaling function that
scales a magnitude of the object signal estimate vector O, as
a function of frequency to more closely match an actual
broadband optical signal propagating through the optical
channel.

12. The method of claim 5 wherein the new 1mage estimate
signal vector I.__ _  1s calculated by convolving the initial
object signal estimate vectorO,._, . ..
the tunable optical filter.

13. The method of claim 5 wherein the object signal error
vector O, 1s calculated by scaling a difference between two
most recently calculated 1mage signal estimates.

14. The method of claim 13 wherein the difference between
the two most recently calculated 1mage signal estimates 1s
scaled by a scaling vector k that compensates for errors in an

image signal to object signal conversion.

, with the response S of
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15. The method of claim 14 wherein the scaling vector k 1s
chosen to relate a number of counts generated by an analog-
to-digital converter to power passing through the tunable
optical filter.

16. The method of claim 14 wherein the scaling vector k 1s
a Tunction of an insertion loss of the tunable optical filter.

17. The method of claim 5 wherein the calculating the new
image estimate signal I comprises performing a convo-
lution of the 1mnitial object signal estimate vector O, . ... .and
the response of the tunable optical filter.

18. The method of claim 5 wherein the calculating the
object signal error vector O, comprises scaling a difference
between the new 1mage estimate signal vector I, . and a
previous 1mage estimate signal vector 1. (1.e. 1. -1. )
with a scaling vector k.

19. The method of claim 18 wherein the scaling vector k
compensates for errors 1in an 1mage signal to object signal
conversion.

20. The method of claim 18 wherein the scaling vector k 1s
chosen to relate a number of counts generated by an analog-
to-digital converter to a power passing through the tunable
optical filter.

21. The method of claim 18 wherein the scaling vector k 1s
a Tunction of an 1nsertion loss of the tunable optical filter.

22. An optical channel monitor comprising;:

a) an optical tap that 1s optically coupled to an optical
channel, the optical tap coupling a portion of a broad-
band optical signal propagating through the optical
channel to an output;

b) an electrically controllable tunable optical filter having a
response function and an optical input that 1s coupled to
the output of the optical tap, the electrically controllable
tunable optical filter filtering the portion of the broad-
band optical signal to select an optical channel for opti-
cal power monitoring, a bandwidth of the electrically
controllable tunable optical filter being broadband;

¢) an optical detector having an input that 1s positioned to
detect the selected optical channel, the optical detector
generating an electrical signal that represents the
selected optical channel; and

d) a processor that estimates an optical power and a signal
bit rate of the selected optical channel from the electrical
signal that represents the selected optical channel by
performing an iterative deconvolution of optical peak
powers of the selected optical channel signals with the
response function of the electrically controllable tunable
optical filter.

23. The optical channel monitor of claim 22 wherein the

clectrically controllable tunable optical filter comprises a
thermally tunable optical filter.

G o e = x
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